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Phenylpropanoids constitute a large part of our daily diet and there is a possibility that they might
interact with synthetic drugs. The present work was aimed at studying the interaction of seven
phenylpropanoids (cinnamic, p-coumaric, caffeic, chlorogenic, ferulic, 3,4-dimethoxycinnamic and
2,4,5-trimethoxycinnamic acid) with five antibiotics (amikacin, ampicillin, ciprofloxacin,
erythromycin and vancomycin) against Gram-negative (Escherichia coli, Enterobacter aerogenes
and Pseudomonas aeruginosa) and Gram-positive (Staphylococcus aureus) bacteria. The
interaction studies were performed by chequerboard and time—kill curve assays. Both assays
revealed that cinnamic, p-coumaric and ferulic acids were the most active. They combined
synergistically with the majority of the antibiotics and exhibited enhanced activity against all the
micro-organisms. The time—kill curve parameters were better (P<0.05) for the combinations of
amikacin with ferulic, cinnamic or p-coumaric acid than for the individual treatments. Amikacin was

the most favourable antibiotic and S. aureus was the most sensitive microbe to most of the
combinations. These phenylpropanoids damaged the bacterial membrane as assessed by the
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LIVE/DEAD Baclight kit, and structure—activity relationship studies indicated that hydrophilic
groups enhanced this activity.

INTRODUCTION

Drug-resistant micro-organisms are a growing global
problem as they cause severe infections which may lead
to morbidity and mortality. There are a number of ways to
reduce the development of drug resistance, and the most
important amongst them is to decrease the dose of
antibiotics used in the treatment. This can be achieved by
using combinations of antibiotics. So far, many such
combinations have been studied and applied clinically
(Betrosian & Douzinas, 2009) but the interaction of
antibiotics with botanical medicines is less understood.
Drug-herb interactions are a major concern for many
health-care practitioners. There is also a chance of the
interaction of food and its metabolites with synthetic
drugs, and such interplay can either be positive or negative.

Phenylpropanoids belong to one such major family of
‘polyphenols’ which is consumed in our daily diet. They
are classified into simple and complex forms, where
cinnamic acids and their derivatives fall under the former
class. Hydroxycinnamic acids, including caffeic, ferulic,
sinapic and p-coumaric acids, are present in a large variety
of fruits and vegetables, including blueberries, grapes,

Abbreviations: ABTKC, area under the curve for control and treated;
AUTKC, area under the time-kill curve; FIC, fractional inhibitory
concentration; QSAR, quantitative structure—activity relationship.

A table showing the MICs of antibiotics and phenylpropanoids against
various bacteria is available with the online version of this paper.

apples, cereal brans, broccoli, spinach and lettuce (Clifford,
1999). The most abundant hydroxycinnamic acid in food is
chlorogenic acid, which is an ester of caffeic and quinic
acids. These phenylpropanoids interact with many cellular
processes and directly influence human health (Korkina,
2007). They can function as antioxidants due to the
presence of multiple hydroxyl groups and unsaturated
double bonds that can react with radicals and oxidative
ions in the cells. The benzene or phenol ring structure in
the phenylpropanoids helps them to cross cellular mem-
branes and exert their biological activities. The antibacterial
activity of cinnamic acid derivatives has been well studied
with main emphasis on the phenyl ring or carboxyl group
present in them (Tonari et al, 2002). Owing to the
importance of the cinnamic acids as antibacterial agents,
the present study was designed to understand the interac-
tion of a few of these with different classes of antibiotics
against Gram-positive and -negative bacteria using che-
querboard and time-kill curve assays. An attempt is also
made to understand the mechanism of action of these
phytochemicals and the structural features required for
their activity.

METHODS

Bacterial strains. The strains used in this study were Escherichia coli
NCIM 2931, Enterobacter aerogenes NCIM 5139, Pseudomonas
aeruginosa NCIM 5029 and Staphylococcus aureus NCIM 5021. They
were specifically grown in cation-controlled Miiller—Hinton broth
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(CAMHB; Himedia) at a temperature of 37 °C with aeration for 16—
18 h.

Antimicrobial compounds. The antibiotics selected for the study
were amikacin, ampicillin, erythromycin, ciprofloxacin and vanco-
mycin. Seven phenylpropanoids were selected for the study, of which
four were hydroxycinnamic acids bearing hydroxyl groups (p-
coumaric, caffeic, chlorogenic and ferulic acids). All the antibiotics
and the phenylpropanoids cinnamic, p-coumaric, caffeic and 3,4-
dimethoxycinnamic acids were obtained from Himedia (India). 2,4,5-
Trimethoxycinnamic acid was purchased from Sigma and chlorogenic
and ferulic acids were from SRL. Ampicillin, amikacin and
vancomycin were dissolved in water, erythromycin was dissolved in
95 % ethanol and ciprofloxacin was dissolved in alkaline water. The
phenylpropanoids were solubilized in DMSO. All the chemicals and
solvents used in the experiments were purchased from SRL.

Microdilution method. The MIC of the antibiotics and the
phenylpropanoids was determined by a microdilution method. A
total of 100 pl CAMHB was distributed into each well and twofold
dilutions of the compounds were made (CLSI, 2006). Each microtitre
well was inoculated with 10 pl of the bacterial inoculum of 5 x 10°
cfu. ml™', and the plates were incubated at 37 °C for 18 h under
aerobic conditions. The MIC was defined as the lowest concentration
of compounds that completely inhibited (>90%) the growth of the
organism as detected at ODggo and compared with that of the control.
The concentration of the solvents used in the following assays was
maintained at less than 3% so that no inhibition of organisms or
interference occurred. The assay was repeated in quadruplicate, where
the MIC is the modal value of the data.

In the chequerboard method, the antibiotic in the combination was
serially diluted along the ordinate of the plate, while the phytochem-
ical was diluted along the abscissa. The antagonistic, additive
(indifferent) or synergistic effect of the phytochemical in combination
with the antibiotic was determined by two methods. The first method
involved plotting the data as isobolograms (Hemaiswarya & Doble,
2009). The graph is represented with the ratio of the MIC of the
phenylpropanoid in combination to the MIC of the phenylpropanoid
when used alone on the x-axis and the ratio of the MIC of the
antibiotic in combination to the MIC of the antibiotic when used
alone on the y-axis. A straight line that connects the ratio 1.0 in the
ordinate and 1.0 in the abscissa indicates the line of additivity.
Location of the MIC of the combination considerably below this line
(below the 95% confidence band) indicates synergy, above the line
indicates antagonism and near the line indicates additive.

In the second method for identifying synergy between the
phytochemical and antibiotic, the MIC of the combination is
represented as the FIC (fractional inhibitory concentration) index.
The FIC index=FIC P +FIC A, where FIC (P or A)=MIC (P or A) in
combination/MIC (P or A) alone (P=phenylpropanoid and
A=antibiotic).

If the FIC index is <0.5, the interaction is synergistic, if it is >4.0, it
is antagonistic, and between >0.5 and <4.0 it is indifferent (Odds,
2003).

Time-kill curve analysis. A time-kill curve (c.f.u. as a function of
time) is evaluated to study the rate and extent of reduction in
bacterial burden when treated with a compound. The experiments
were conducted in CAMHB for 24 h with 0.5 times the MIC of the
phytochemical and the antibiotic used alone and in combination
against all the four strains. An initial inoculum of approximately
5x 10° c.fu. ml~" was taken for all the experiments. Samples (0.1 ml)
were collected at 0, 2, 4, 6, 8 and 24 h and serially diluted in normal
saline and aliquoted in duplicate onto Miiller-Hinton agar plates.
These plates were then incubated at 37 °C for 24 h. The colonies

(10-100 per plate) were counted, providing a lower limit of detection
of 10® c.fu. ml™! (Tam et al., 2005).

The modified McFarland method reported by Pai et al. (2008) was
followed here to estimate parameters such as difference in the area
under the curve (log c.f.u. as a function of time) for control and
treated (ABTKC) and maximum rate of kill (K,,.x). The rate of kill
(K) was calculated as K=(log;00 T—1log;00C)/dt, where 6T and 6C are
the differences in c.f.u. ml™" in treatment (namely T, — T}, T,, — T},
T, — T, etc.) and in control (namely C, —C,, C, —C,,, C, —C,,,
etc.), respectively, at specified time differences (ot=t,— t, tL—t,
t;—t, etc.). The value of K was assumed to be 0 at time zero, and K
for the respective ¢ value was plotted (on the y-axis) against 2, 4, 6, 8
and 24 h (on the x-axis). The K, was estimated based on visual
inspection. The change in log;, c.f.u. ml™" over 24 h was translated
into the area under the time-kill curve (AUTKC) by the linear
trapezoidal rule. The treatments were normalized by subtracting the
treatment AUTKC from the control AUTKC to generate ABTKC. The
calculated parameters between the combination and individual
treatment groups were compared using ANOVA (Pai et al., 2008)
and P-values of <0.05 were considered statistically significant.

Measuring bacterial membrane damage. A LIVE/DEAD BacLight
kit containing SYTO-9 and propidium iodide dyes from Molecular
Probes (Invitrogen) was used to assess the damage to the bacterial
membrane. SYTO-9 binds to both the damaged and intact
membranes, whereas propidium iodide penetrates only the damaged
cell membranes. Therefore, live cells appear green and dead ones
appear red. The organisms were grown overnight in CAMHB at 37 °C
under aeration (200 r.p.m.). The culture was diluted 40 times with
fresh CAMHB and grown to an ODgyo of 0.5-0.6. The bacterial
suspension was centrifuged at 10000 g for 15 min, and the cell pellet
was washed once in filter-sterilized distilled water. The cell pellet was
resuspended to 1/10th of its original volume and then diluted to 1:20
into either water or water containing the phytochemical at a
concentration of 1 mM. Bacteria and compounds were incubated at
room temperature (~25 °C) on a tube rocker for 10 min. At the end
of the incubation period, a sample was removed for the determination
of c.f.u., and the remaining suspension was centrifuged at 10 000 g for
10 min, washed once in water, and resuspended to an ODgy, of 0.325.
A volume of 3 ml of the bacterial suspension was removed and 9 pl of
the BacLight reagent was then added and incubated in the dark for
15 min at room temperature. At the end of the incubation period,
green fluorescence was read at 530 nm, and red fluorescence was read
at 645 nm at an excitation wavelength of 485 nm (Jasco fluorimeter).
The ratio of green to red fluorescence intensities was normalized to
the untreated control and expressed as a percentage of the control
(Hilliard et al., 1999)

2D-Quantitative structure—activity relationships (QSARs). The
structures of the phenylpropanoids were drawn and their minimum
energy conformation was determined with Cerius* software using
Universal force field (Accelrys). Two hundred and forty-nine
descriptors that included topological, charge, geometrical and
aromaticity indices, constitutive properties, quantum mechanics
and thermodynamics were calculated for each compound. Several
literature reports give a very detailed description of these descriptors
(Todeschini et al., 1994; Todeschini & Consonni, 2000; Karelson,
2000). Equations were developed between the observed membrane-
damaging activity of the phytochemical and the descriptors. The
activity is defined as log [p/(100-p)], where p is the percentage
membrane damage caused by the compounds at a concentration of
1 mM. The main challenge in QSARs is to select the descriptors from
this large pool that would provide the best model. The dataset was
divided into training and test sets, the former consisting of five
randomly chosen compounds and the latter consisting of the
remainder. The model was developed using the training set and its
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predictive ability was ascertained with the data in the test set. The
multilinear regression model that gave the best statistics (1%, *-adj., F-
value) was selected using the genetic function technique. The
predicted and experimental values were plotted and it was also
checked whether all the points fell within the 95 % prediction band
(i.e. +20 standard deviation). Only one parameter model was tested,
since there were only seven data points.

RESULTS

Interaction of phenylpropanoids with antibiotics

The antibacterial activities of phenylpropanoids with
different classes of antibiotics were determined against
Gram-positive and -negative bacteria. In all cases, the
natural products had a higher MIC than the antibiotics
(Supplementary Table S1 in J]MM Online).

Representative isobolograms of the combination of cin-
namic acid with amikacin and ampicillin against all the
four micro-organisms are shown graphically in Fig. 1. A
synergistic interaction between cinnamic acid and the two
antibiotics (ampicillin and amikacin) was observed for all
the organisms with the MIC of the combinations falling
well below the line of additivity. The interaction data in the
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Fig. 1. Representative isobolograms depicting the interaction of
cinnamic acid with (a) amikacin and (b) ampicillin against E. coli
(A), Ent. aerogenes (), P. aeruginosa (x) and S. aureus (R). The
line connecting 1.0 on the abscissa and ordinate indicates
additivity.

form of FIC are listed in Table 1. S. aureus was most
susceptible to combinations of ferulic or cinnamic acid
with antibiotics (FIC <0.5). Ferulic acid exhibited
indifference in combination with ampicillin against all
the micro-organisms. Cinnamic acid was synergistic with
all five antibiotics against E. coli, while it was indifferent
with all the antibiotics against P. aeruginosa. 3,4-
Dimethoxycinnamic acid and 2,4,5-trimethoxycinnamic
acid enhanced the activity of ciprofloxacin, erythromycin
and vancomycin against most of the organisms. Exceptions
were noted with ampicillin against Ent. aerogenes and P.
aeruginosa. Caffeic and chlorogenic acids did not exhibit
synergy with any of the tested antibiotics.

The time-kill curves and rate-of-kill curves for E. coli
treated with 0.5 times the MIC of amikacin or cinnamic
acid and their combinations are shown in Figs 2 and 3,
respectively. Growth of E. coli was completely inhibited
when the combination was used (Fig. 2) and the
corresponding K., was less than the values for individual
treatments (Fig. 3). A representative table (Table 2) of the
time—kill parameters is given for amikacin with all the
phytochemicals against E. coli. Higher ABTKC and lower
Kinax values for the combination when compared to the
corresponding individual compounds indicate synergy.
The ABTKC values for chlorogenic and caffeic acids when
used alone were negative, indicating that these acids are
enhancing growth of the micro-organisms. The parameters
of all the phytochemicals in combination with antibiotics
against P. aeruginosa were not better than those of the
individual treatments. Cinnamic, p-coumaric and ferulic
acids were synergistic with amikacin against E. coli, Ent.
aerogenes and S. aureus. 3,4-Dimethoxycinnamic and 2,4,5-
trimethoxycinnamic acids exhibited synergy with some of
the antibiotics, but there was no consistency in their
interaction (data not shown).

Membrane-damaging effect of phenylpropanoids

The LIVE/DEAD BacLight assay distinguishes the intact
and damaged cell membranes. The bacterial membrane
damage caused by the phenylpropanoids is represented as
percentage damage compared to that of control (Fig. 4).
Ferulic acid was less active against Gram-negative bacteria,
whereas there was nearly 50 % damage in S. aureus. Highest
membrane damage was noted with cinnamic acid against
all the four micro-organisms. Caffeic and chlorogenic acids
were able to considerably damage the membrane of all the
bacteria. 3,4-Dimethoxycinnamic acid and 2,4,5-tri-
methoxycinnamic acid were able to damage 25 and 65 %
of the E. coli membrane, respectively. Trimethoxycinnamic
acid showed least membrane damage against Ent. aerogenes
and P. aeruginosa.

2D-QSARs

In the present study, QSARs to predict the membrane-
damaging effect of the seven phenylpropanoids against all
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Table 1. FIC indices calculated based on the chequerboard assay indicating the interaction of phenylpropanoids with antibiotics against various bacteria

Synergy is indicated by underlining. Ami, Amikacin; Amp, ampicillin; Cip, ciprofloxacin; Ery, erythromycin; Van, vancomycin; Cin, cinnamic acid; Cou, p-coumaric acid; Caf, caffeic acid; Chl,

chlorogenic acid; Fer, ferulic acid; Dicin, 3,4-dimethoxycinnamic acid; Tricin, 2,4,5-trimethoxycinnamic acid.
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Fig. 2. Time—kill curves. Effects of amikacin and cinnamic acid
alone and in combination on the growth of E. coli as a function of
time. 4, Control; M, amikacin; A, cinnamic acid; X, cinnamic acid
plus amikacin.

the four micro-organisms were developed (Table 3). The
statistical parameters such as r%, *-adj. and F-value which
describe the quality of the developed models were
reasonable. All the models have one descriptor related to
atom type based calculation of AlogP (AlogP98-Atype_
H_47), which is an important contributor for enhanced
membrane-damaging activity. This descriptor is an indica-
tion of the hydrophobic nature of the compounds.

DISCUSSION

Hydroxycinnamic acids constitute a major class of
polyphenols abundantly distributed in fruits, vegetables
and several beverages. Caffeic and chlorogenic acid are the
most abundant of these in the human diet. Most of the
chlorogenic acid reaches the large intestine, where it is
hydrolysed by the microflora, due to the esterase activity of
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Fig. 3. Mean rate of kill (K) (normalized to control) for E. coli by
amikacin, cinnamic acid and their combination. B, Amikacin; A,
cinnamic acid; X, cinnamic acid plus amikacin.
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Table 2. Comparison of time—kill curve parameters for phenylpropanoid and amikacin combinations against E. coli

Treatment Used alone Used in combination with amikacin
ABTKC Kinax ABTKC Knax

Amikacin 122.89+4.3 —1.64+0.3 - -
Cinnamic acid 187.9+234 —1.14+0.3 382.1+20.3* —3.5+0.9
p-Coumaric acid 10.54+7.92 —3.940.5 241.3 +60.3* 4.0+0.4%
Caffeic acid —147.8+40.4 —0.940.8 —28.84+0.79% —0.14+0.3
Chlorogenic acid —43.5+14.1 —0.34+0.1 —45.55+4.74% —0.24+0.67
Ferulic acid 129.0+19.0 —3.54+0.4 240+ 39.4* —2.740.3
3,4-Dimethoxycinnamic acid 93.04+70.4 —0.64+0.2 173.5+86.2 —-1341.2
2,4,5-Trimethoxycinnamic acid 71+10.3 —1.34+0.7 262.0+82.1* —2.940.1*

*P<0.05, combination better than the individual treatments.
1P<0.05, individual treatment better than the combination.

the latter (Plumb et al., 1999; Gonthier et al., 2003). It has
been demonstrated that humans absorb about 33 and 95 %
of ingested chlorogenic and caffeic acids, respectively
(Olthof et al., 2001). It has been shown that the unabsorbed
chlorogenic acid in humans reaches the colon and is
hydrolysed to caffeic and quinic acid by the microflora
present there (Olthof et al., 2003). Caffeic acid is the direct
product of the hydrolysis of chlorogenic acid, and ferulic
and isoferulic acids are tissular metabolites formed by
methylation of caffeic acid (Masri et al., 1964; Gumbinger
et al., 1993). Following dehydroxylation by the colonic
microflora, absorption and further metabolism in the liver
and kidney, benzoic acid is formed and conjugated to
glycine to form hippuric acid. About half of the ingested

chlorogenic acid appears as urinary hippuric acid (Olthof
et al., 2003). 3,4-Dimethoxycinnamic and 2,4,5-trimethoxy-
cinnamic acids are unusual, and they occur as free acids in
commercial green coffee beans (Clifford, 2000; Loke et al.,
2009). All the phenylpropanoids and antibiotics enter the
bloodstream after metabolism; therefore, there is a possibil-
ity of interaction between these compounds.

The current study indicates that there is a synergistic
interaction between various phenylpropanoids and anti-
biotics against Gram-positive and -negative bacteria. The
antibiotics in the study were chosen based on their
different mechanisms of action and their association with
some side effects or toxicity. For example, aminoglycosides
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Table 3. 2D-QSAR models describing membrane-damaging
activity of phenylpropanoids against micro-organisms

The activity is defined as log [p/(100— p)] where p is percentage value.

Micro- Model 7 r*adj. F-value
organism
E. coli 0.39-0.09 (Atype_H_47) 0.86 0.81 17.79*

0.7 0.59  6.67t
0.81 0.74 12.42*
0.63 0.51 5.09t

Ent. aerogenes 0.25-0.09 (Atype_H_47
P. aeruginosa  0.18-0.09 (Atype_H_47
0.39-0.01 (Atype_H_47

— - — —

S. aureus

*P<0.01.
TP<0.05.

(amikacin) have undesirable side effects such as ototoxicity
and/or nephrotoxicity in vivo (Paglia et al, 1989). The
interaction with phenylpropanoids generally enhances the
activity of the antibiotics. Based on the FIC indices, it could
be said that chlorogenic and caffeic acids were indifferent
in nature with all the antibiotics against both Gram-
positive and -negative bacteria. The major metabolite
ferulic acid was synergistic with amikacin and ciprofloxacin
against most of the micro-organisms. Ampicillin and the
four hydroxycinnamic acid combinations showed indiffer-
ence and combinations of hydroxycinnamic acids with
amikacin or ciprofloxacin exhibited synergy. The methoxy
forms of cinnamic acid including ferulic, 3,4-dimethoxy-
cinnamic and 2,4,5-trimethoxycinnamic acid were syn-
ergistic with some of the antibiotics. Rastogi et al. (1994,
1998) observed that trams-cinnamic acid enhanced the
activity of isoniazid, rifampicin, ofloxacin, amikacin and
clofazimine against Mpycobacterium avium and Myco-
bacterium tuberculosis.

Complex methods of interaction have been adopted by
researchers to determine the synergy of antibacterial
combinations. A change of greater than 2 log,, c.f.u.
ml ™" in the bacterial viable count at 24 h in the presence of
a combination of the drugs relative to the count with the
most effective single drug is defined as synergy (Saiman,
2007). This definition restricts the evaluation to a single
point. Alternatively, the bacterial burden at different time
points can be calculated, which leads to an increased
probability of finding large differences. The area under the
curve concept provides us additional details such as the
killing rate and phase of regrowth. In the chequerboard
method, we found that the methoxy forms of cinnamic
acid (namely ferulic, 3,4-dimethoxy and 2,4,5-trimethoxy-
cinnamic acids) exhibited synergy in combination with
ciprofloxacin against P. aeruginosa. None of the other four
phytochemicals exhibited synergy. However, in time-kill
curve studies, none of the combinations indicated synergy
against P. aeruginosa. Chequerboard assay and time-kill
curve studies indicated that chlorogenic and caffeic acids
do not act in synergy with any of the antibiotics against all
the organisms. This could possibly be explained by the fact

that both these hydroxycinnamic acids are metabolized by
the bacteria. The ABTKC for the chlorogenic and caffeic
acids was negative, probably because these phenylpropa-
noids are used by many micro-organisms as carbon sources
for their growth (Couteau et al., 2001; Aresta et al., 2010).
Based on the time—Xkill curve studies, it could be concluded
that cinnamic, p-coumaric and ferulic acids were the most
active in combination with the antibiotics against most of
the organisms. S. aureus was the most sensitive organism to
the combinations.

All the acids had moderate to high membrane-damaging
activity. Membranes of Ent. aerogenes and P. aeruginosa
were slightly resistant to damage because of their increased
surface hydrophobicity. Hydrophobicity of the bacterial
surface seems to play a major role in the damage caused by
the compounds. The hydrophobicity of the Gram-negative
organisms in this study can be ordered as E. coli<Ent.
aerogenes<<P. aeruginosa (Hemaiswarya & Doble, 2009).
We observed that the order of damage in the Gram-
negative bacteria was E. coli>Ent. aerogenes> P. aeruginosa,
correlating exactly with their surface hydrophobicity.
Cinnamic, chlorogenic and caffeic acid were able to
damage the bacterial membrane more than the other
compounds. Caffeic and p-coumaric acid were reported by
other researchers to cause 44 and 59 % membrane damage,
respectively, in a Gram-positive bacterium, Oenococcus oeni
(Campos et al., 2009). The antifungal mode of action of
chlorogenic acid against Candida albicans was analysed by
flow cytometry using DiBAC,4(3) and simultaneously
changes in its membrane dynamics were monitored using
1,6-diphenyl-1,3,5-hexatriene. The study suggested that
chlorogenic acid may exert antifungal activity by disrupting
the structure of the cell membrane (Sung & Lee, 2010). In
our studies, we observed that although they both caused
membrane damage, there was no synergistic interaction
with any of the antibiotics. This could be explained by the
fact that the LIVE/DEAD BacLight experiments were done
by preincubating cells for 10 min with the compound,
whereas the synergy studies were performed at the 18th
hour of incubation. An in vitro fermentation model with
human faecal microbiota to study the microbial metabo-
lism of caffeic acid and its esters, namely chlorogenic acid
and caftaric acid, has shown that they disappeared within
2 h (Gonthier et al., 2006). Since chlorogenic acid is rapidly
metabolized, no positive interaction was noted with the
antibiotics. The high membrane damage noted in the
LIVE/DEAD BacLight experiments in our study can be
attributed to the fact that resting cells were taken for the
assay. It has also been demonstrated that some bacterial
strains may respond to the presence of phenolic acids by
increasing the unsaturated fatty acid content (and pre-
sumably the fluidity) of the cell membrane (Rozes & Peres,
1998). Under resting-cell conditions, bacteria might not be
able to counteract the combined effect of phenolic acids
and ethanol on the cytoplasmic membrane (Campos et al.,
2009). A non-metabolizable form of chlorogenic acid could
probably act as a better membrane-permeabilizing agent.
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Synergistic effect of phenylpropanoids

Synergy is believed to be brought about by a combination
of drugs because of their action on one or more different
targets in the metabolic pathway. The current study shows
that interaction of phenylpropanoids is primarily with the
membrane of the bacterial cell. Due to this action, they are
able to enhance the activity of the antibiotics amikacin,
ampicillin, erythromycin, ciprofloxacin and vancomycin.
The main target of ampicillin and vancomycin is to inhibit
cell wall synthesis. The other antibiotics (ciprofloxacin,
erythromycin, amikacin), in addition to their specific
target site action, also damage the cell membrane (Campos
et al., 2006). Only with exact knowledge of the mechanism
underlying the synergistic effects will it be possible to
develop a new generation of safe and standardized drug
combinations with higher efficacy than the current ones
(Wagner & Ulrich-Merzenich, 2009).

We observed (Table 3) that all the models describing the
membrane-damaging activity have Atype H_47 as the
descriptor. This descriptor denotes the hydrogen attached
to the C:pS and C, atoms, where the subscript represents
hybridization and the superscript its formal oxidation
number. The atom classification is an attempt to discretize
the electronic effects, solvent accessibility and so forth of an
atom from a topological consideration. These properties
are the most critical in determining the relative contri-
bution of different atom types to log P for small organic
molecules with relatively few degrees of freedom. Thus
Atype_H_47 is the most atomic parameter which con-
tributes to log P, which is a well-known measure of
molecular hydrophobicity (also known as lipophilicity). It
is used to assess biological properties relevant to drug
action, such as lipid solubility, tissue distribution, receptor
binding, cellular uptake, metabolism and bioavailability.
The AlogP98 descriptor is an implementation of the atom-
type-based AlogP method using the latest published set of
parameters (Ghose et al., 1998). Each AlogP98 atom-type
value represents the number of atoms of that type in the
molecule and Cerius® calculates 120 atom types. The
negative slope of Atype_H_47 in this equation shows that
its presence is not essential for the activity.

The phenylpropanoids have been shown to possess
antibacterial activity and enhance the activity of a
heterogeneous group of antibiotics in a non-specific
manner. The importance of these acids in damaging the
bacterial cell membrane is shown by the LIVE/DEAD
BacLight assay. The models developed here possess
promising predictive ability to elucidate the relationship
between the structure of the compounds and membrane-
damaging activity so that they can be used to design more
potent phenylpropanoid derivatives. These findings can
lead to new treatment strategies and could also pave the
way to the reduction of the amount of antibiotics required,
particularly against Gram-negative bacteria. A reduction in
the antibiotic amount can eventually lead to reduction in
their toxicity and side effects caused to the patients. The
next focus should be on the relative pharmacokinetic and
pharmacodynamic behaviour of these natural compounds

with reference to these antibiotics and when used in
combination.
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